Introduction
In previous reports [1] [2] [3] Jandera suggested a retention ~lOdel based on interaction indices. In these studies the interaction indices of appropriate test compounds with SOlvent molecules are used for the calibration of reserved.phase systems. In this model the non-polar, reVersed.phase (RP) stationary phase is considered to be a passive solute acceptor. However, for the widely applied silica-based, reversed-phase stationary phases, many workers have shown that these phases consist of networks of alkyl ligands and residual silanol groups [4] [5] [6] [7] . Especially the manner of attaching the lingands to the silica surface and the nature of the residual silanols groups determine the final properties of these phases. Consequently, RP-phases may show significantly strong interactions with polar solutes especially, and therefore it is very doubtful whether RP-phases can be considered to behave as passive acceptors. It seems to be more realistic to assume that the structure and composition of RP-stationary phases play an active role in the separation process and specific stationary phase interactions will contribute significantly to retention [8] . In HPLC many types of reversed phases with different bondings and lengths of ligands i.e. from ethyl to octadecyl, are available. Stationary phases modified with identical ligands are usually indicated as nominally identical phases and in principle, similar chromatographic behaviour is expected. This is the background of a well known problem in HPLC, where transferability of chromatographic conditions between nominally identical phases is far from satisfactory. In the case of nominally identical RP-phases, the qualitative and quantitative amount of ligands and residual silanols may also differ sharply and result in different chromatographic behaviour for these apparently identical phases. Homologous series are in principle useful for the investigation of retention mechanisms and the characterization of RP-phases for liquid chromatography. They are potentially attractive for the characterization of such phases, because they allow differentiation between the non-specific contribution of RP-phases to retention, caused by a regular increase in the length of the aliphatic chain (CH2) of the solutes being used. Also the use of homologous series allows differentiation between the specific contribution of RP-phases to retention caused by the molecular residue of the homologous series applied. As mentioned earlier in the model suggested by Jandera the influence of the mobile phase composition is considered as the major factor controlling retention and selectivity, while the stationary phase is assumed to act as a passive acceptor. In the present study this model was statistically evaluated in order to find out whether it could contribute to a significant characterization of RP-phases. As the model suggests that identical phases should provide similar characterization data, a number of nominally identical RP-8 phases were subjected to the relevant test procedures. Therefore, the retention parameters of a homologous series of alkylbenzenes, as a function of the nature and the composition of the eluent on the RP-phases, were determined. The resulting retention data were used in the first and second-order equations of the model resulting in specific characterization values, which should describe the status of a stationary phase. Finally, the results of both these approaches are compared.
Theory
From both the theory of solubility parameters and interaction indices, quadratic equations can be derived for the dependence of the logarithms of capacity factors on the volume fraction x of the organic modifier, using binary aqueous-organic mobile phases [9] , The retention model in reversed phase liquid chromatography (RP-HPLC), based on interaction indices, can readily be applied to the separation of the members of a homologous series [1] [2] [3] . The following quadratic equation can be used to calculate the capacity factors, k', of the members of homologous series in binary aqueous mobile phases, containing an organic solvent with volume fraction x: log k' = ko + alnc -nox -rain c + do x2 + dlncX2 (1) where n c is the number of carbon atoms in the aliphatic saturated straight chain of a homologous series and a o, al, m 0, m 1, d o and d 1 are the equation parameters. Eq.
(1) can also be written as: can be neglected over a limited eluent composition range often applied in practical separations, for x > 0.5 [2] . If these parameters are omitted we obtain Eq. (4), (5) , and (6), successively, which resemble a first-order polynomial model. log k' = a0 + alnr -m0x -mln~x (4) log k" = a + mx (5) log k' = (a 0 + alnc) (1 -px) -qx (6) The second-order Eq. (1), (2) and (3) should cover tlac full composition range, 0 < x < 1, of the mobile phase. However often such equations cannot fully describe the retention in binary aqueous mobile phases containir~g organic modifiers in concentrations where x < 0.1.
As is the case with other retention models, typical physical meanings can be attributed to the equatio~ parameters and to parameters p and q; they are summarized in Table I . The equation parameters can be calculated, after calibration of the retention scale with the members of a suitable homologous series such as n-alkylbenzenes. These calibrations were carried otlt using multivariate, linear regression, with x and n c as independent variables [10, 11] . In this approach matrix least-squares method is used to fit the mathe" matical models (Eq. (1) and (4)) to the experimental data obtained from the homologous series, resulting in estimates of the equation parameters. The set of parameter estimates, that gives the minimum sum of squares, is obtained by:
where: B = matrix of estimated equation parameters a0to ml (or dl) X = matrix of experimental data (x and no) Y = response matrix (log k') ' indicates a transpose matrix -1 indicates an inverse matrix.
Using the estimated equation parameters, a complete analysis of variance (ANOVA) [11] was carried out. The different sums of squares with different degrees of freedom, obtained in this way, were used to calculate the correlation coefficient r, the goodness of fit (GOF) and the lack of fit (LOF). The correlation coefficient r is indicative to what extend the estimated equatio0 parameters explain the data. However, r is frequently used as a measure of how well a model fits a set of data, they are not, by themselves, a true measure of goodness of fit of the model [11] . This is primarily because they do not take into account the degrees of freedom. ,~ better presentation of how well a model fits the data is provided by the goodness and lack of fit, both based o~ the F-test for significance. The variance-covariance matrix { (X" X) -1 } contains the variances of the parame" ter estimates, which can be used to calculate the confidence intervals of the different equation parame" ters and to round them. The confidence intervals indicate whether a parameter contributes significantly to the model or if its contribution is insignificant. In the latter case the parameter should be set to zero so that the parameter can be omitted. The solvents were HPLC-grade, methanol (MeOH) and acetonitrile (ACN) were from Merck (Darmstadt, ~ ermany) and tetrahydrofuran (THF) was from West-Urg (Leusden, The Netherlands). All solvents were filtered separately prior to use using a 0.45 gm filter. The n-alkylbenzene standards, benzene, toluene, nethylbenzene, n-propylbenzene and n-butylbenzene, Were of reference grade and were from Aldrich (Milwaukee, WI, USA). Sodium nitrate, analytical reagent grade was from Merck.
Liquid Chromatography
The HPLC system consisted of a Unicam PU 4100 liquid chromatograph including a gradient pump and a Unicorn PU 4120 diode array detector in combination With a Unicam P 3202 personal computer system for data handling (Unicam Analytical Systems, Cam-~ridge, UK). Injections were made using a 20 gl sample ~op. All separations were carried out at ambient temperature. From the original three dimensional chromatograms, two dimensional chromatograms (ab-SOrption vs. solute retention time) were obtained by setting fixed wavelengths at 210 nm for n-alkylben-zenes and 212 nm for sodium nitrate. The flowrate during all experiments was 1.0 ml rain -1. The three commercially available columns investigated in this study were Kromasil C8,150 x 4.6 mm i.d., dp = 5 gm (Eka Nobel, Sweden); Merck Lichrospher C8, 125 • 4.6 mm i.d., dp = 5 pm (E. Merck, Darmstadt, Germany) and Zorbax C8, 150 x 4.6 mm i.d., dp= 5 gm (Rockland Technologies, Newport, DE, USA). The standard solution of n-alkylbenzenes was prepared by mixing 12 to 18 gl of the alkylbenzene standards with 10 gl pure organic solvent, similar to that used in a specific mobile phase. 0.5 ml of this solution was diluted with 10 ml 50:50 (v/v) water/modifier solution for the injection. The sodium nitrate solution, used as a dead-volume marker, contained approximately 10 gg NaNO 3 m1-1 mobile phase. The retention times (tR) of the n-aikyibenzenes were determined on the three columns over a wide range of different binary aqueous eluent compositions containing MeOH, ACN or THF as the organic modifier. Since retention and resolution depend on the specific column and eluent combination being used, these ranges of eluent composition and step intervals were corrected when necessary, as shown in Table II . For many eluent combinations retention times were determined in duplicate, indicated by the bold numbers in the upper region of Table II ) the higher nalkylbenzenes standards were omitted from the standard n-alkyibenzene solution, because of the excessive increase in retention times of these solutes. Assuming homoscedasticity, these latter solutions were only injected separately once. The dead volume was calculated on the basis of duplicate injections of the sodium nitrate solution. Capacity factors (k') of the n-alkylbenzenes were calculated from the equation:
where t R is solute retention time and t O is retention time of nitrate ion. The capacity factors of the nalkylbenzenes were used to calculate the equation parameters of Eq. (1) and (4), by means of matrix least squares (Eq. (7)), for each column and modifier combination. Both models, first and second-order, were fitted over the mobile phase ranges summarized in Table II , unless indicated otherwise. In the nalkylbenzene series carbon numbers from 0 (benzene) to 4 (n-butylbenzene) with a step interval of 1, were used in these equations. This was followed by a complete ANOVA, the calculation of the correlation coefficient, the goodness and lack of fit and the confidence intervals of the equation parameters. The fitted models of Eq. (1) and (4) can be presented as three dimensional graphs, with x and n c as independent and log k' as dependent variable.
Results and Discussion
The experimental data obtained from the measurements on each column over a particular modifier range (Table II) were used to fit a first-order model (Eq. (4)). Also these data were used to fit a second-order model (Eq. (1)). By doing so, possible differences in the resulting equation parameters can only be due to differences between the two models. It must also be emphasized here that differences obtained in the equation parameters between the columns within one of the models, can only arise from the different stationary phase characteristics. First, the experimen" tally obtained k'-values were used to provide graphical representations according to both models covering the full mobile phase range from 0 to 100 % of a specific organic modifier. Log k' values of intermediate mobile phase compositions can be calculated by interpolation, whereas log k' values of compositions outside the scaled range (Table II) 95  90  85  90  80  80  80  70  70  70  60  60  60  50  50  50  40  40  40  30  30  30  20  20  20  10  10  10   --5  --95  -95  90  85  90  80  80  80  70  70  70  60  60  60  50  50  50  40  40  40  30  30  30  20  20  20  10  10  10  5  5  5   75  --70  70  70  60  60  60  50  50  50  40  40  40  30  30  30  20  20  20  10  10  10  5 5 5
Emphasized numbers indicate duplicate measurements.
I~igure 1
Three dimensional plots of response areas of capacity factors of benzene homologue series versus percent specific organic modifier Versus sequence number in series, according to first-order model for each column. Eluents: mixtures of water with either methanol (1), acetonitrfle (,2) or tetrahydrofuran (3); detection, UV 210 nm; temperature, aVabient; components: benzene, methyl, ethyl, propyl and butylbenzene. A second-order model is considered to be a significant improvement when the calculated F-value is larger than the theoretical F*-value. As stated by Jandera [2] Eq. (4) is assumed to be valid for describing Figure 2 Three dimensional plots of response areas of capacity factors of benzene homologue series versus specific organic modifier versus sequence number in series, according to second-order models for each column and modifier combination. Eluents: mixtures of water with either methanol (1), acetonitrile (2) or tetrahydrofuran (3); detection, UV 210 nm. COmparison of these parameters between the two mOdels is not relevant. For the other parameters deviations of 100 % or higher were observed. Since parameter a 0 (Table III) is equal to log k' of benzene at x = 0, i.e. 100 % water as eluent, for each Specific column this value should be independent of the modifier used. This means that the a 0 values of a particular column must be constant for the different modifiers used. From the data in Table III , variation Coefficients of 2 %-5 % (n = 3) were calculated for both models. From these data it can be concluded that the a0 parameter is fairly constant under the given experimental conditions. This does not apply to the (first-)order models covering only part of the mobile phase composition (x > 0.5) since these a 0 values are calculated by extrapolation over a relatively wide range [2] . The second-order model is unanimous on the order in which the a 0 values increase, regardless of which modifier has been used, namely:
In contrast, the first-order model yields different orders for each modifier used. The al parameter (Table IV) represents the retention factor due to the increasing number of carbon atoms in the homologous series. The al-value obtained from the Second-order model is larger than that from the COrresponding first-order model for every eluent/ Column combination. Consequently, larger values of a 1 result in increasing deviations in log k' for alkylbenzenes between the first and second-order model especially when n c increases. However, both models support the dependency of the a l-parameter on the type of modifier and the independence of the type of stationary phase. The increasing order of the al-values for the applied modifiers:
ACN < THF MeOH is found for all column/model combinations but one; Kromasil/first-order model. The m 0 parameter (Table V) represents the nonspecific lipophilic (hydrophobic) selectivity. This should more or less depend on the type of modifier-stationary phase combination. In the table the calculated hydrophobicities of the columns studied are given for both first and second-order models.
Relatively large deviations are observed between different columns/eluent combinations, which can be explained by the different natures of the applied organic modifiers. However, even larger differences in m 0values for the same organic modifier are observed applying the first and second-order models. These data emphasize the differences and limitations of the models to calculate and to compare the hydrophobicity of reversed-phase columns. From the latter data it may be clear that the calculated hydrophobicity of a specific column strongly depends on the mathematical model applied. This can also be concluded by comparing Figure 1 and (Table VIII) Finally, the q-parameter, a measure of the specific polar selectivity, depends on the type of stationary phase and also on the type of modifier. High q-values (Table IX) should indicate the presence of residual silanol activity at the stationary phase surface. Wheo both mathematical models are applied on the same eluent/column combination, more or less similar qvalues might be expected for each of these combinations. However, the q values calculated from the firstorder model are in all cases larger than the values calculated according to the second-order model. Furthermore, relatively large deviations between different column/eluent combinations are observed. Also, whe~ both mathematical models were applied on the same F* = tabulated F-value at 99 % confidence level [12] ; intermediate F*-values calculated according F(am. n) = a (l/m) + b; degrees of freedom 2, v; v = n-p = n-6. eluent/column combinations relatively large deviations are found. Therefore, the contribution of both the modifier and the stationary phase to the q-value remains unclear and cannot be used as a reliable indication of the polar selectivity of a stationary phase.
In Tables X to XII the correlation coefficients of the Second-order model are in all cases larger than those of the corresponding first-order model. Furthermore, the GOF and the LOF tend to be larger and smaller re-Spectively for the second-order model compared to the COrresponding first-order model. In spite of this and the fact that all GOF's are significant at a 99 % level, both models, first and second-order, exhibit a significant lack of fit at a confidence level of 99 %. In other words, both the F-tests are highly significant in all cases. This may be due to a highly precise measuring process [11] but in this case it is more likely due to the incompleteness of the applied models. Table XIII shows that for every column and eluent combination but one, Merck/ MeOH, the second-order model is a significant improvement on the first-order. Finally, the assumption made by Jandera, that a limited range of hydro-organic mixtures with x > 0.5, will be sufficient to calculate relevant column parameters, was also tested. The data in these ranges were recalculated according to both the first and second-order models. From the results in Table XIV it can be concluded that in this case also the second order model is a significant improvement on the first order, since both F-tests are again significant at the 99 % level of confidence. Of the second-order models only the column/eluent combinations Merck/THF and Zorbax/THF, do not exhibit a significant lack of fit.
Generally, the investigated parameters, which should describe RP-columns and/or mobile phase properties show in many cases a large lack of agreement. Therefore, it is doubtful whether the models, investigated in this study are useful to characterize reversedphase stationary phase. Zorbax 0.99 0.99 42 5.6 2 r = correlation coefficient of firt-order model; r 2 = correlation coefficient of second-order model; FI,= tabulated F-value at the 99 % confidence level [12] ; intermediate F*-values calculated according to F(~. ,1) = a (l/m) + b; degrees of freedom 2, v; v = n-p = n-6.
Conclusions
The differences between the corresponding calculated parameters from first and second-order models are in all cases relatively large and significant, except the a 0 parameter which remains fairly constant. Moreover, only a few of the dependencies and independencies, of the parameters, as described in Table I , could be verified by the results. In spite of the fact that the second-order model is a significant improvement of the first-order model, this model also exhibits a significant lack of fit as does the first-order model. This is also true when both models are fitted using a reduced mobile phase range (x > 0.5) instead of the full one. Consequently, it can be concluded that both models are incomplete and therefore not completely correct.
Finally, from the results of this study it can be concluded that, with one exception, no agreement between the data was observed in those cases where, from a theoretical point of view, this could be expected. This makes it doubtful whether the characterization methods investigated here are reliable for describing RP-stationary phase properties.
